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Rayleigh scattering from argon clusters in a planar expansion
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Rayleigh scattering is presented as evidence for the presence of large argon clusters formed in a
planar expansion. Based on the observed scattering signal, the dependence of mean cluster size on
stagnation pressure is NP0
3.38
. This is in contrast to the dependence of the mean cluster size on
stagnation pressure for a symmetric expansion of NP0
2.29
. © 2008 American Institute of Physics.
DOI: 10.1063/1.2903552
I. INTRODUCTION
Clusters have been studied and utilized for a variety of
applications, including phase matching for nonlinear
optics,1–4 chemical reactions,5 x-ray generation, and the tar-
get for intense laser interactions.6 They were considered as
part of the formation mechanism of rare gas excimers in a
discharge excitation system.7–9 To understand the physical
processes involved in these investigations, it is important to
know the mean size of the clusters formed in these systems
and the dependence of the mean cluster size on expansion
conditions. Size measurements of large clusters can be diffi-
cult due to the low binding energy of the clusters and it is
common to use Hagena’s10–14 scaling law to predict the mean
cluster size.
Rayleigh scattering is a convenient tool for determining
the presence of clusters and assisting in the estimation of the
cluster size because it is nondestructive and is relatively easy
to use. Rayleigh scattering has been used to study clustering
in axisymmetric expansions, which confirm the dependence
of the mean cluster size on the expansion stagnation
pressure.15–21
Planar expansions were used for plasma expansion
sources
22,23
and in pulsed discharge systems.8 In a planar
expansion, the distance to a collision-free flow is much larger
than that in an axisymmetric expansion, which allows more
clusters to form through three body collisions,24 which pos-
sibly produce larger clusters for a given stagnation pressure.
We report our results from Rayleigh scattering from ar-
gon clusters formed in a planar expansion from a 15 cm long
slit nozzle. These results are compared to the scattering data
from clusters formed by using an 800 m aperture nozzle.
II. THEORY
The principle of corresponding jets uses a dimensionless
parameter  to predict the mean cluster size,13
 =
kdq
T0
2.5−sq P0, 1
where d is the effective diameter of the jet throat in mi-
crometers, T0 is the gas temperature in Kelvin, and P0 is the
plenum or stagnation chamber pressure in millibars. s is 0.25
for an axisymmetric expansion and 1 for a planar expansion.
k is a characteristic constant that depends on the gas of the
geometry of the expansion. q varies from 0 to 1 and is de-
termined by varying the size of the aperture and examining
the clustering. For an axisymmetric expansion, q has been
empirically determined to be 0.85, which makes Eq. 1 be-
come the familiar = kd0.85 /T0
2.29P0. Unfortunately, q has
not been determined for a slit nozzle. For an argon expansion
through a circular aperture, k has a value of 1650.  is
empirically related to the mean cluster size by the relation
C, where C were reported as 2.110−4 Ref. 25 and
3.810−2 Ref. 26 and  was between 1.64 Ref. 26 and
2.35.13
For a distribution of clusters, the total differential Ray-
leigh scattering cross section27 can be shown to depend on
the mean cluster size through the expression
 dd tot = 9
2Ma2
	2
4
n2 − 1
n2 + 2	
2
NcN2sin2 , 2
where Ma is the atomic mass, 	 is the density of the solid, n
is the index of refraction, 
 is the wavelength of the light,
and  is the angle between the polarizability of the cluster
and the polarization of the incident radiation. N2 is the
mean square cluster size and Nc is the number of clusters. Nc
can be related to the number of atoms in the absence of
clustering, Na, by Nc= Na / N, where  is the fraction of
the gas that has formed into clusters and N is the mean
cluster size. Equation 2 then becomes
 dd tot = 9
2Ma2
	2
4
n2 − 1
n2 + 2	
2
NaN 	N2sin2 .
3
By assuming that the cluster size distribution is Gaussian
with a full width at half maximum of N, then N2 / N
1.2N. The principle of corresponding jets Eq. 1 pre-
dicts that Np0 where p0 is the stagnation pressure. The
number of atoms Na is directly proportional to p0.24 This
means that the Rayleigh scattering cross section, and there-
fore the Rayleigh scattering signal SR, is proportional to p0
+1
SRp0
+1. Simply measuring the scattering signal as a func-
tion of stagnation pressure allows us to determine the value
of .
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III. EXPERIMENT AND RESULTS
The experimental setup consists of a 15.8 l chamber,
which is pumped down to approximately 0.01 Pa by a 12.65
l/s mechanical vacuum pump. A ceramic nozzle with an in-
ternal volume of 10 cm3 plenum is attached to three modi-
fied Parker Series 9 valves in parallel. The gas that enters the
plenum escapes through a 100 m wide and 15 cm long slit
into the vacuum chamber see Fig. 1. For the axisymmetric
expansion, we use a single modified Parker Series 9 valve. In
this case, the gas enters a plenum volume of 1 cm3 before
escaping into the chamber through an 800 m diameter ap-
erture.
The pressure in the plenum is measured with a fast pi-
ezoelectric pressure sensor from PCB Piezotronics, Inc. The
duration of a gas pulse is variable from 15 to 45 ms with 20
ms pulses used for this investigation. To vary the stagnation
pressure in the nozzles, we adjust the backing pressure pres-
sure upstream of the valves from 1 to 69 bars. For the
100 m slit nozzle, a 20 ms gas pulse with 69 bar backing
pressure results in a peak plenum stagnation pressure of 3
bars. For the aperture nozzle, we achieve peak pressures of
20 bars with a 69 bar backing pressure. During a gas pulse,
the pressure in the vacuum chamber remains below 1 mbar.
Prior to each pulse, the pressure in the chamber is 0.01 Pa,
which allows a maximum repetition rate of 1/30 Hz.
A 25 mW cw 532 nm diode pumped frequency doubled
neodymium doped yttrium aluminum garnet laser is used as
a probe laser, which allows us to observe the temporal be-
havior of the scattering signal during a gas pulse. A glass
slide serves as a laser beam pickoff to monitor the laser
power. The laser terminates in a beam dump within the
chamber. Antireflection coated windows are used to limit
background scattering inside the vacuum chamber.
A photomultiplier tube PMT is mounted 13.4 cm from
the laser beam, which is perpendicular to both gas flow and
laser beam see Fig. 1. The proximity of the PMT to the
scattering region allows us to do without collecting optics. A
532 nm notch filter and an aperture are incorporated into the
PMT housing to reduce background scattering and extrane-
ous light. For both the axisymmetric expansion system and
the planar expansion system, the center of the laser beam
passes through the gas plume 4.5 mm downstream of the
nozzle and has a diameter of 3.2 mm.
After confirming that the observed signals were due to
Rayleigh scattering through the signal’s dependence on the
incident radiation’s polarization and power, we measured the
dependence of the peak scattering signal on stagnation pres-
sure. Typical signals for a slit nozzle are shown in Fig. 2. For
an individual gas pulse, we record the time dependent ple-
num pressure, the scattering signal, and the laser power. In
all cases, the peak scattering signal corresponds to the peak
plenum pressure. For the slit nozzle, the onset of detectable
scattering signal occurred at 1.3 bar stagnation pressure with
1:1 signal to noise ratio. The peak scattering signal is plotted
against the measured stagnation pressure in Fig. 3. Fitting the
data with a function of the form Dp0
+1 yields a 
=3.380.09 the mean cluster size increases as NP0
3.38.
This is much higher than that predicted by using the prin-
ciple of corresponding jets in which Np02. It is interesting
to note that the value for  found for the slit expansion is
similar to that found in Ref. 28 for an argon expansion of gas
cooled to 147 K, which yielded large cluster sizes but with-
out the cooling.
All other published Rayleigh scattering data were from
axisymmetric expansions. To compare our results to these
data, we replaced the slit nozzle with an 800 m aperture
nozzle and a single valve. In this case, the onset of detectable
FIG. 1. Schematic of the experimental system used. The valves, laser beam,
and slit nozzle are indicated on the diagram. PMT is the photomultiplier
tube; IF is the notch filter and aperture assembly limiting the field of view of
the PMT. A is the aperture, P is the pressure sensor, and G is the gas line to
the valves.
FIG. 2. Scattering signal and the pressure inside the nozzle during a gas
pulse. The scale for the pressure is on the right, while the scale for the
scattering signal is on the left.
FIG. 3. Peak value of the scattered signal for the planar expansion as a
function of measured stagnation pressure. The uncertainty in the values is
not larger than the size of the markers. The fit curve corresponding to SR
=Dp0
4.38 =3.38 is shown.
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scattering signal occurs at 4.3 bars. Figure 4 shows a plot of
the peak scattering signal versus plenum pressures. These
data can be fit with a function of the form Dp0
+1 yielding a
value of =2.290.06, which is in agreement with previous
measurements: 1.5–2.5.6,13,16–19,26,28,29
A simple scattering measurement cannot determine the
mean cluster size because the scattering cross section in-
volves the product of the mean cluster size and the number
of clusters in the beam see Eq. 2. Kim et al.17 used scat-
tering in conjunction with interferometry to determine the
mean cluster size for clusters formed in an axisymmetric
expansion. However, in the absence of interferometric mea-
surements, we can only estimate the mean cluster size by
considering that there may not be significant scattering from
clusters until the mean cluster size is at least 50–100
atoms/cluster.6,18,19,28,30 If we choose 100 atoms/cluster as
the threshold cluster size for detectable Rayleigh scattering,
we estimate the mean cluster sizes 1500 atom/cluster for
the 3 bar plenum pressure in the planar expansion and
3000 atom/cluster for the 20 bar plenum pressure in the
axisymmetric expansion.
The scattering signals from planar and axisymmetric ex-
pansion are of approximately equal amplitude at the maxi-
mum stagnation pressures achieved described above for
each nozzle, even though they operate at much different stag-
nation pressures. However, to make a comparison between
these two systems, it is necessary to account for the greater
solid angle from which the scattered light from clusters in
the planar expansion can contribute to the detected signal. To
take this into account, we used a Monte Carlo simulation of
the light collection system. Given the location 4.5 mm down-
stream of the nozzle, the axisymmetric expansion’s gas
plume is 9 mm wide, and assuming a uniform cluster dis-
tribution within the axisymmetric expansion, twice as much
light will be collected from the planar expansion as from the
axisymmetric expansion. Thus, for the same amplitude scat-
tering signal, the mean cluster size for the planar expansion
would be approximately one-half that of the axisymmetric
expansion, which is consistent with the estimated cluster
sizes.
IV. CONCLUSIONS
The comparison of the Rayleigh scattering signals from
clusters formed in a planar expansion to those formed in an
axisymmetric expansion indicates that the planar expansion
is more efficient for producing microclusters at a given stag-
nation pressure. The onset of observable scattering for a pla-
nar expansion occurs at lower stagnation pressures and the
dependence of the scattering signal on the stagnation pres-
sure is very similar to that observed for a cryogenically
cooled gas. The present results also suggest that at higher
plenum pressures, the mean cluster size would be signifi-
cantly larger for a slit. Finally, the results suggest that 
might have a significantly different pressure dependence for
the planar expansion than predicted by the principle of cor-
responding jets.
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